In order to find a relationship between electrical and microstructural properties, yttrium-doped strontium titanate (7 mol%) with various values of strontium nonstoichiometry was investigated and shown in this work. It has been observed that yttrium doping can affect the electrical properties of SrTiO 3 to a great extent. Moreover, the microstructural and electrical properties can be influenced by strontium nonstoichiometry. The defect chemistry explaining obtained results was also suggested and discussed. 
Introduction
Perovskite-related materials are commonly used in various electrochemical devices and in electronic industry, for example as dielectrics in capacitors, temperature coefficient resistors or piezoelectric transducers [1, 2] . Therefore, much effort needs to be made in order to improve the properties of these structures [3] . One of the most widely used representatives of perovskite materials is strontium titanate (SrTiO 3 ). It has been reported in the literature that it is one of the most promising candidates for anode and cathode materials for Solid Oxide Fuel Cells, because of catalytic and conductivity performance [3, 20] . However, in a pure form strontium titanate is a dielectric material, so it requires some modifications. Electronic conductivity of * E-mail: tadmir1@interia.pl SrTiO 3 can be significantly increased either by reduction at low oxygen partial pressure or by doping with aliovalent ions on the A and/or B site. Donors such as Y 3+ or La 3+ on the Sr 2+ site and Nb 5+ on the Ti 4+ site convert SrTiO 3 into a highly conducting n-type material [5] . On the other hand acceptor dopants like Al 3+ , Co 3+ or Fe 3+ on Ti 4+ site allow one to obtain a p-type material [6] . Furthermore, it has been reported that acceptor doping also results in an increased oxygen vacancy concentration and thus an increased ionic conductivity of SrTiO 3 [5, 6] . Most of the papers about strontium titanate modifications refer to yttrium doping, because this material has a high total conductivity and its chemical stability is better than these of La-doped strontium titanate [7] . Moreover, the electrical and structural properties of SrTiO 3 strongly depend on its defects concentration. There are many scientific groups that investigate the influence of defect chemistry or Sr/Ti stoichiometry on these properties [3, 8] . All equations presented below are written using a Kroger-Vink no- In Fig. 1a a crystal structure of Y-doped strontium titanate with a sample of oxygen (V ** O ) and strontium (V " Sr ) intrinsic vacancies is shown. Fig. 1b and Fig. 1c show preferred paths for strontium and oxygen vacancies migration in SrTiO 3 structure. It should be noted that the energy of titanium defect (V "" Ti ) formation is significantly higher than the energy of strontium defect formation [9] . Thus, it seems that Ti vacancies (V "" Ti ), whose presence is much less probable in the structure, may not be taken into account in defect chemistry of SrTiO 3 and are not presented in the picture. In general, both strontium vacancies, oxygen vacancies and yttrium dopants increase the conductivity.
The highest contribution to total conductivity of the material show oxygen vacancies. Generally, for donor doped SrTiO 3 ceramics, according to an electroneutrality condition, a sum of positively and negatively charged mobile and immobile species is required. It can be written using a Kroger-Vink notation as follows [10] :
In the case of constant value of donors concentration, a number of electrical charge carriers [symbol n in Eq. (1)] depend on the strontium and oxygen vacancies concentration. There exist two alternative mechanisms for oxygen vacancy formation. One of them can be described by Eq.
: 
The second process of oxygen vacancy formation in SrTiO 3 perovskite structures, reported by Moos et al. [10] , is related to formation of SrO phase, known as RuddlesdenPopper phase. It has been shown that Schottky-type defects are predominant in this process. The formation of strontium and oxygen vacancies can be explained by Eq. (4), [10] :
Additionally, Blennow et al. [11] suggest that charge compensation of donor dopants is done mainly by formation of strontium vacancies. In the case of Y-doped SrTiO 3 , in high oxygen partial pressure, it can be described by reaction (5):
On the basis of these reactions, donor doping of stoichiometric strontium titanate leads to precipitation of SrO [12] . As it has been mentioned, many scientific groups try to explain the mechanism of defect formation and its influence on the electrical and structural properties (grain sizes, phase composition) of SrTiO 3 -based structures. For example Blennow et al. [8] showed that electronic conductivity of SrTiO 3 is associated with concentration of reduced Ti 4+ ions [reaction (2) ]. The group of Baurer et al. [3] investigated nonstoichiometric strontium titanate and reported that an excess of TiO 2 in the structure results in a formation of strontium and oxygen vacancies, even in oxygen atmosphere, according to Eq. 
Simultaneously, it was shown by Blennow et al. [12] that Sr excess is accommodated in SrO phase. Gomann et al. [13] reported also that diffusion of Sr and Ti cation takes place generally through strontium vacancies. The influence of defect chemistry on ionic conductivity of SrTiO 3 was studied by Zhao et al. [6] . The authors suggest a new defect analysis of Y-doped strontium titanate with strontium deficiency. According to Zhao et al. [6] , this structure can form oxygen vacancies both by reactions written in Eqs. (4) and (7):
According to Eq. (7) and to the electroneutrality condition (1), a decrease of yttrium concentration and increase of strontium and oxygen vacancies concentration results in a decrease of free charge carriers concentration and, at the same time, in a decrease of electronic conductivity. However, A-site deficiency in SrTiO 3 ceramic has also a great influence on ionic conductivity, caused by the increase of oxygen vacancies concentration [6] . Gao et al. [14] suggest that B-site deficiency is generating oxygen vacancies, and for charge compensation, the decrease of Ti 3+ ion concentration occurs. But this theory indicates the existence of titanium vacancies, what disagrees with thermodynamic calculations [15] . Astala et al. [15] reported that the energy of strontium vacancy formation is about 4 times lower than the energy of titanium defect formation. Thus, in this paper we will base our explanations on a conception of nonstoichiometry present in Sr-site, not in Ti-site. In this paper, the influence of A-site nonstoichiometry in the Y 0 07 Sr 0 93 TiO 3−δ composition on its structural and electrical properties was investigated and confronted with previously reported papers [6-8, 11, 14, 17] . There are some reports about the solubility limit of yttrium in SrTiO 3 [7] . For example, above the 8 wt% of yttrium in A-site, the insulating Y 2 Ti 2 O 7 phase can be observed and the material is not single-phase. On the basis of literature reports a 7 wt% of yttrium doping into strontium titanate structure has been choosen in this paper. The most possible defect formation processes and charge compensation in Y 0 07 Sr 0 93 TiO 3−δ structure was examined and discussed.
Experimental
Yttrium-doped strontium titanate with different values of A-site deficiency (Y 0 07 Sr 0 93− TiO 3−δ ; = −0 05; 0; 0 05) was prepared via conventional solid-state reaction method from Y 2 O 3 (Sigma Aldrich, 99,9%), TiO 2 (Sigma Aldrich, 99%) and SrCO 3 (Sigma Aldrich,98%). It has been previously shown [7] , that 7 mol% is an optimal amount of Y doping at Asite, and allows to get phase-pure material.
After ball-milling for 12 h using ZrO 2 balls, the mixture was calcined at 1200°C for 12 h, and then at 1400°C for 12 h in air. To improve the electrical properties, samples of YSTO ceramics were reduced at 1400°C for 10 h in dry hydrogen. The phase composition of bulk samples sintered in air and reduced in hydrogen was analyzed by the X-ray diffraction method by the X-Pert Pro MPD Philips diffractometer using Cu Kα (1.542 Å) radiation at room temperature. The XRD patterns were also analyzed by the Rietveld refinement method using a X'Pert Plus program with the pseudo-Voigt profile function applied. The Phenom G2 Pro scanning electron microscope (SEM) was used to analyze the morphology of samples. The densities and porosities of samples were measured using Archimedes method using kerosene as a liquid medium. Temperature dependence of conductivity was studied by DC two-wire (2W) and DC four-wire (4W) method for the samples before and after reduction, respectively. Impedance spectroscopy measurements of reduced samples were carried out at 800°C in a self-made cell. Measurements were performed using Solartron 1260 frequency response analyzer. An excitation voltage of amplitude 10 mV was applied and the frequency was set from 4 MHz to 1 kHz. In order to avoid writing a long stoichiometric formula in the Results and Discussion section, some abbreviations have been used for all investigated compositions. They are listed in Tab. 1. 3. Results and discussion
Microstructural properties
The X-ray diffraction patterns of samples sintered in air are shown in Fig. 2 , whereas those which were additionally reduced at 1400°C for 10 h in hydrogen are shown in Fig. 3 .
The corresponding results of quantitative analysis for the same compositions are presented in Tab. 2. On the basis of the obtained data it can be concluded that compounds differ from each other significantly, depending on the composition and heat treatment conditions. In both nonreduced and reduced Sr-deficient samples (YS88TO) a small amount of Y 2 Ti 2 O 7 (pyrochlore) phase is present. In addition, a 3 wt% of TiO 2 called Magneli phase can be found in nonreduced YS88TO composition. It appears to be decomposed during the process of high temperature reduction according to the Eq. (6) and TiO 2 reflexes are not seen in XRD data of reduced YS88TO. The amount of Y 2 Ti 2 O 7 phase is also partially decreased from 6% to 3% during reduction in low oxygen partial pressure. We suggest that yttrium from pyrochlore may compensate additional strontium vacancies (V " Sr ) formed in reducing conditions (1), whereas the residual TiO 2 may be decomposed as shown in (6) . The analogical discussion may be performed in reference to stoichiometric composition YSTO. In both non-reduced and reduced samples a small amount of pyrochlore phase can be found, however it decreases from 6 to 2 wt% after reduction in low oxygen partial pressure as a result of the same mechanism that was suggested for Sr-deficient compound. The strontium excess in the structure (YS98TO) assits in? the formation of SrO Ruddlesden-Popper (RP) phase. Before reduction its amount was identified at the level of 7 wt%, whereas after reduction it disappeared and a trace amount of Y 2 O 3 phase was found. A complete SrO disappearance results from the fact that during reduction both oxygen vacancies (V ** O ) and strontium vacancies (V " Sr ) are formed in order to satisfy the electroneutrality condition (1). The latter may accommodate strontium from RP phase that may explain why there is no SrO in the XRD patterns for YS98TO. On the other hand, the appearance of a trace amount of Y 2 O 3 in YS98TO composition also need some explanation. As the amount of strontium vacancies is limited in the structure, they can not be further formed in order to compensate the additional charge from donor dopant [Y * Sr ] and thus to provide a full incorporation of yttrium to the lattice. Consequently, a trace amount of Y 2 O 3 may be formed, as it was shown by Zhao et al. [6] in Eq. (7). It is observed only in the reducing conditions when oxygen vacancies (V ** O ) are formed. Results of Rietveld analysis performed for non-reduced and reduced samples are presented in Fig. 4 . It shows that unit cell parameters of all reduced compounds are higher than those of nonreduced samples. It results from the presence of Ti 3+ ion that has a bigger ionic radius (0.67 Å) [16] than the ionic radius of Ti 4+ (0.605 Å) [16] . As a consequence, it causes the expansion of the cell, regardless of the stoichiometry of each compound. Furthermore, the A-site nonstoichiometry influences the lattice parameters of Y-doped SrTiO 3 . As shown in Fig. 4 , the A-site excess (YS98TO) results in the expansion of the unit cell compared to the stoichiometric (YSTO) and A-deficient (YS88TO) compositions. These observations are in good agreement with the reports of Ma et al. [17] and Gao et al. [14] . Ma et al. [17] [16] ions, it can lead to larger lattice parameters than in the case of A-site deficient samples. This corresponds well with our experimental results. The SEM images of fractured cross sections of all investigated compositions are shown in Figs. 5a, c, e (non-reduced samples) and Figs. 5b, d, f (reduced samples). These pictures confirm that there is a significant difference in microstructure depending on samples composition and preparation conditions (reduced or not). In a group of non-reduced pellets, those with A-site deficiency (YS88TO) have the largest grains (5-10 mm) with sharply outlined grain boundaries. An average grain size of the stoichiometric compound (YSTO) is twice as small as that of YS88TO. Some randomly distributed nanometre size grains can be found in Fig. 5c . In the case of A-site excess composition (YS98TO) it is difficult to distinguish grain boundaries because the grains are much smaller than those previously discussed (below 1 mm). A similar phenomenon of grain growth with decreasing strontium content can be observed for samples that were reduced at 1400°C for 10 h in hydrogen (Figs.  5b, d, f) . Nevertheless, the grains of stoichiometric (YSTO) and A-site excess (YS98TO) compounds are bigger than those of corresponding non-reduced compositions. Moreover, the reduced samples are denser that non-reduced ones. It may be suggested, that a grain growth kinet- ics is limited by SrO Ruddlesden-Popper phases that are present in the structure in a form of intergrowth layers [19] . If there is no SrO in the structure, as it was observed for A-site deficient sample (YS88TO), the grains are big, regardless of the heating atmosphere (Figs. 5a and b) . On the other hand, if SrO is present in the structure (non-reduced YS98TO), the grains are very small (Fig.  5e) . However, they grow after reduction in hydrogen (Fig.  5f ), because strontium from Ruddlesden-Popper phase is accommodated by strontium vacancies (V " Sr ). This phenomenon of enhanced grain growth after reduction is also visible in the case of stoichiometric compound (YSTO). Although no evidence of SrO was found in this sample, we suggest that a trace amount of this phase can be formed according to Eq. (5), as it was reported by Blennow et al. [11] . It can not be identified with XRD technique because of its limited sensitivity, but it may influence the grain growth kinetics and thus it can explain our SEM observations.
Electrical properties
The results of two-probe direct current conductivity measurements of YS88TO, YSTO and YS98TO samples sintered at 1400°C for 12 h in air are shown in Fig. 6 . The same temperature dependence of conductivity was observed for all investigated samples. A semiconducting like behavior was also observed for all samples and a very low value of maximum total conductivity (around 5×10 −3 S/cm) was noticed for this compounds. In order to explain this phenomenon it should be remembered that in the case of non reduced samples free charge carriers are generally formed because of donor doping. Concentration of oxygen vacancies, which are i.a. responsible for electrical conductivity, is at high oxygen partial pressure significantly lower than at low oxygen partial pressure. Then, this low value of conductivity may occur because of low oxygen vacancies concentration and, in consequence, because of lower total concentration of free charge carriers, according to Eq. (3). The temperature dependence of conductivity for three samples reduced in hydrogen atmosphere with different values of Sr-site nonstoichiometry is presented in Fig. 7 . A significant increase of total conductivity compared to conductivity of non-reduced samples was noticed. According to Blennow et al. [11] oxygen has a tendency to leave lattice at low oxygen partial pressure [p(O 2 ) ≈ 10
−18 ]. Thus the concentration of oxygen vacancies significantly increases. Consequently, the amount of free charge carriers also increases, as described in Eq. (3). As presented in Fig. 5 , the total conductivity at 700°C was noted for YS98TO, YS88TO, YSTO around 10 S/cm, 40 S/cm, 100 S/cm, respectively. Moreover, a semiconducting-like to metal-like behavior transition, typical for doped SrTiO 3 , was observed for all samples: at around 500°C for YSTO, 400°C for YS88TO and 900°C for YS98TO sample. Thus, the process of transition to metal-like behavior, required for a good anode material, takes place in the lowest temperature for YS88TO sample. Besides, it has been observed that there is a strong influence of nonstoichiometry in a Sr-site on a total conductivity value. The observed differences between samples may be explained by a defect chemistry of nonstoichiometric donor doped strontium titanate, described in the introduction. In stoichiometric Y-doped SrTiO 3 , the concentration of free charge carriers depends on dopants level in A-site and on oxygen vacancies concentration, which can be increased under reducing conditions (3). For YS88TO sample (with strontium deficiency) more Y 2 Ti 2 O 7 phase was observed in the XRD pattern (Fig. 3 ) than in the stoichiometric composition. Most probably dielectric character of pyrochlore phase causes that a total conductivity of YS88TO is lower in relation to YSTO. Furthermore, the formation of pyrochlore phase can result in a removal of yttrium from strontium lattice and, in consequence, in a decrease of donors concentration. It can be schematically described as follows:
where [dec.(Y * Sr )] denotes a decreased yttrium dopants part caused by a pyrochlore formation and [dec.n] designates a total conductivity decrease. This hypothesis may explain a lower level of total conductivity of YS88TO than in the case of the stoichiometric sample YSTO. On the basis of these considerations it can be suggested that a strontium deficiency does not indicate a formation of strontium vacancies, which influence oxygen vacancies concentration and conductivity growth. In the case of sam-ple with Sr excess in the structure (YS98TO), some amount of SrO Ruddlesden-Popper phase is formed (4). According to Eq. (5) the excess of SrO phase causes a reduction of strontium vacancies. It leads to simultaneous reduction of oxygen vacancies concentration, which are generally responsible for free charge carriers formation. This process can be schematically described as: n] denotes the total conductivity decrease. On the other hand, it can be suggested that there may also be an additional process leading to a total conductivity decrease in YS98TO sample. Because there are less strontium vacancies, there has to be less yttrium in the lattice. That leads to Y 2 O 3 phase appearance, shown also in the XRD pattern (Fig. 3) . The increase in the amount of Y 2 O 3 results in a decrease of donor concentration, so the total conductivity may be lower, according to the explanation of Zhao et al. [6] . In summary, it can be stated that there are two possible reasons of total conductivity decrease: excess of SrO phase and Y 2 O 3 appearance in the structure. These reasons may explain why the YS98TO sample has the lowest conductivity from all investigated samples. In order to find a relationship between electrical properties and microstructure, the impedance spectra of nonstoichiometric YS88TO and YS98TO samples were compared. The impedance spectra obtained at 800°C in air is presented in Fig. 8 . The equivalent electrochemical circuit for a typical polycrystalline ceramics composed of two series systems, resistor in parallel with a constant phase element (CPE), is presented in the same figure (Fig. 8) . The high-frequency semicircle (marked as HF) describes a resistance of the bulk of polycrystalline specimen, whereas the other one (marked as LF) represents highly resistive grain boundaries. The resistivity of high and low frequency semicircles and area specific resistivity ASR LF +HF were calculated and compared for two investigated samples. It was found that ASR LF +HF for both YS98TO and YS88TO samples is comparable (around 350 Ω cm). Thus, the influence of Sr nonstoichiometry can not be identified by the impedance spectroscopy measurements of donordoped SrTiO 3 . That leads to a conclusion that a relationship between microstructure of Y-doped SrTiO 3 and its electrical properties cannot be seen on impedance spectra. However, it does not correspond with the results of DC fourprobe measurement, where some differences depending on composition were noticed. For example, sam- ples with strontium excess have lower concentrations of strontium and oxygen vacancies, which results in a lower conductivity. In the case of samples with a strontium deficiency a pyrochlore phase precipitates and the donor concentration also decreases resulting in a lower conductivity. However, in general strontium deficiency does not change the oxygen and strontium vacancy concentrations. This mismatch between the results of AC and DC measurements can be explained by the fact that ASR LF +HF describes a sum of all features and phenomena taking place in an investigated sample, whereas the temperature dependence of resistivity shows just a sum of ionic and electronic conductivity, which is only one factor affecting the value of ASR LF +HF . We suggest that the electrical properties are mainly determined by defect chemistry, while modifications of microstructure play the minor role.
Conclusions
The electrical and microstructural properties of Y 0 07 Sr 0 93− TiO 3−δ for different values of x were characterized and shown in this work. The stoichiometry of Sr-sites has a great influence on all these properties. The samples sintered at 1400°C for 12 h in air presented insufficient conductivity (around 5×10 −3 S/cm at 1000°C) for IT-SOFC anode application. Therefore reduction in low oxygen partial pressure conditions was required. After this process, total electrical conductivity significantly increased and it was the highest for the stoichiometric ( = 0) sample (100 S/cm at 700°C 3 structures, have been observed. It has also been suggested, according to impedance spectroscopy results, that there is no significant relationships between microstructure and electrical properties. The explanations of the stoichiometry influence on those properties basing on defect chemistry were discussed and compared with other papers.
